Effects of heat treatment on absorption bands in fused quartz produced by melting natural quartz powder containing 2ϫ10 17 cm Ϫ3 ͑sample I͒ and 1.3ϫ10 19 cm Ϫ3 of OH ͑sample II͒ were studied. Both samples have an absorption peak at Ϸ5.2 eV. Fluorescent spectra and the results of Gaussian peak decomposition suggest that this absorption is associated with the B 2 ␤ band with a peak at 5.15 eV and full width at half maximum of 0.42 eV. The 5.15 eV band and an absorption component at 7.5 eV in sample II were annealed out at 1423 K, whereas almost no change was observed in the absorption spectra of sample I. The decrement of the 5.15 and 7.5 eV bands was proportional to the decrement of the OH content. The annealing mechanism in sample II can be explained using a previously proposed model for OH-containing fused quartz wherein the B 2 ␤ band is the twofold-oxygen-coordinated silicon ͑ϭSi:͒ coordinated with two ϵSi-OH structures. Sample I must have a ϭSi: structure, but it may not be annealed out because it does not have sufficient OH to form the twofold-coordinated ϵSi-OH on ϭSi:. The origin of the other absorption bands was also discussed.
I. INTRODUCTION
Silica glass is almost pure amorphous silica (a-SiO 2 ). This material can be divided into two categories: fused quartz produced by melting natural quartz powder and synthetic fused silica.
1 Fused quartz can be further divided into two groups: type-I fused quartz produced by electric melting and type-II fused quartz produced by melting in a hydrogenoxygen flame. Fused quartz has higher heat resistivity compared with synthetic fused silica; it also has higher viscosity 2 at the same OH content and less thermal expansivity 3 at the same temperature. Therefore fused quartz is used for fabricating containers with relatively high heat resistivity and low amounts of contaminants in semiconductor processes, e.g., the inner tube of a furnace, and boats of silicon wafers using oxidation and diffusion processes. The bulb of mercury lamps, light sources for lithography, is also made of fused quartz. 4 In these applications, the material is held at a high temperature for a long time. Degradation of the material due to holding at a high temperature causes not only macroscopic deformation but also microscopic structural change. 4 -6 For example, upon holding a synthetic fused silica block at 1433 K for a long time, the OH content was decreased in the surface, and absorption bands caused by defect structures were induced near the surface. 5 Accompanying the structural change, the homogeneity of the refractive index, which is important for material for an ultrafine lens such as a projection lens for a step-and-repeat projector ͑a stepper͒, changes. The blowing process of lamp bulb material using a hydrogen-oxygen flame induces a change in the OH content distribution in the surface. 6 Such structural changes occurring under heat treatment and the blowing process cause property changes which are often important in practical applications. The structural change upon heat treatment is not restricted to near the surface. Fused quartz has an absorption band at Ϸ5.0 eV called the B 2 band. 7 The effect of heat treatment on the B 2 band depends on the material; the B 2 band in type-II fused quartz can be annealed out, while that in type-I silica is stable. 8 Type-II fused quartz, whose B 2 band can be removed by heat treatment, was used as an ultraviolet ͑UV͒ optical material up to a few decades ago. At least two B 2 bands, B 2 ␣ and B 2 ␤, have been reported. where ODC stands for ''oxygen-deficient center'' and -represents the usual covalent bond. 10 A number of models for the origin of the B 2 ␤ bands have been proposed: for example, ODC͑II͒, twofold-oxygen-coordinated silicon ͓TOCS ͑ϭSi:͔͒, and Ge-related oxygen vacancies such as ϵGe•••Siϵ.
7
One of the present authors and his colleagues studied the effect of heat treatment on B 2 bands in type-I and type-II fused quartz and their ArF-and KrF-excimer-laser-induced luminescence. 11 They pointed out that the main constituent of the B 2 band is the B 2 ␤ band in type-II silica and the B 2 ␣ band in type-I silica. They also proposed a model that describes the annealing mechanism. In that study, however, the main constituent of the absorption band was identified based on not the peak decomposition, but the peak position and apparent bandwidth from the chart of the absorption spectra. Moreover, the luminescence spectra obtained using excimer lasers have additional luminescence bands which could be derived from metallic impurities; the power of such excimer lasers is too strong.
In this work, we studied the origin of the B 2 band of fused quartz with respect to the annealing effects on absorption and PL bands. In addition, the UV absorption spectra in the vacuum-UV ͑VUV͒ region, տ6.2 eV, were also analyzed.
II. EXPERIMENTAL PROCEDURE
Type-I fused quartz ͑sample I͒ and type-II fused quartz ͑sample II͒ are used. They are commercially available and of HRP and NP grades, provided by Tosoh Corporation. Their ϵSi-OH, interstitial H 2 , and ϵSi-H content before and after heat treatment are shown in Table I .
The ϵSi-OH content was measured from the infrared ͑IR͒ peak at Ϸ3650 cm Ϫ1 with an extinction coefficient of 77.5ᐉ/mol, 12 using a Perkin Elmer System 2000 FT-IR spectrophotometer. The change in the amount of ϵSi-OH upon heat treatment is indicated in Table I ; the difference is quite small. The H 2 and ϵSi-H content was measured from a Raman spectrum obtained using a JASCO NSR-2000 Raman spectrophotometer. Fluorescence spectra were measured using a Jasco FP-750 fluorescence spectrophotometer. Absorption spectra were observed using a Bunko-Keiki VU-210 spectrophotometer.
Samples were cut to a size of 1ϫ3ϫ1 cm 3 , and two facing surfaces with thickness of 1 cm were optically polished. The heat treatment was carried out using a muffle furnace. Samples were held at 1423 K for the desired time and cooled to room temperature without temperature control.
III. RESULTS
A. Absorption spectra Figure 1 shows absorption spectra before and after heat treatment of each sample. Here the base of the absorption is taken as the natural logarithm. All samples have almost identical absorption spectra where the photon energy is less than 6.5 eV; they have a peak at 5.2 eV and a shoulder at 6.2 eV. The absorption spectrum in sample I increases more steeply than that in sample II with increasing photon energy from 6.5 eV. The effects of heat treatment on the absorption of the samples are quite different. Absorptions at 5.2 and 7.5 eV in sample II decreased after the heat treatment, while almost no change was observed in sample I. Figure 2 shows photoluminescence and photoluminescence-excitation ͑PLE͒ spectra. Before heat treatment, each sample shows PL bands at 3.2 and 4.2 eV upon excitation with 5.0 eV photons; the PL spectrum is characteristic of the B 2 ␤ band. 9 After heat treatment, these bands were annealed out in sample II, but almost no change was observed in sample I. C. Difference absorption spectra of sample II Gaussian peak decomposition of an absorption spectrum is useful for studying the defect structures of silica glass. Excimer-laser-, 13 X-ray-, 14 and ␥-ray- 15 induced absorption in various types of synthetic fused silica can be fitted by a set of absorption bands at 4.8, 5.0, 5.4, 5.8, and 6.5 eV. Similar analysis may be carried out for fused quartz. Since fused quartz contains more metallic impurities compared to synthetic fused silica, additional peaks might be required to reproduce the absorption spectrum. In fact, ArF-excimer-laserinduced absorption of type-II fused quartz annealed in atmosphere appears even in the visual region Շ2.1 eV. 16 The absorption spectrum of sample II changes after heat treatment in the ranges of 4.7-5.6 eV and տ6.2 eV, as seen in Fig. 1 . Analysis of the difference spectra may reveal them to have fewer absorption bands than in the original absorption spectra. Therefore we attempted Gaussian peak decomposition for the difference spectrum of sample II ͑Fig. 3͒. The difference spectra between spectra obtained after heating times of 24 and 0 h, 2 and 0 h, and 24 and 2 h, were fitted by six Gaussian absorption bands at 4.8, 5.15, 5.41, 5.97, 6.81, and 7.50 eV. Peak positions and FWHMs are shown in Table  II . The changes of the peak intensities of the absorption component after heat treatment are shown in Fig. 4 . The intensities of the 7.5, 5.15, and 5.41 eV bands decreased markedly, but the intensity of the 4.8 eV band increased slightly. The intensity of the 6.81 eV band decreased upon heat treatment and approached a constant value within 2 h. Figure 5 shows the plot of 5.15 and 5.41 eV band intensities and OH content versus the 7.50 eV band intensity. In spite of the fact that only two points were plotted for each quantity, the plot suggests a proportional relationship among them.
B. Photoluminescence spectra

D. Analysis of absorption band by peak decomposition
Peak positions and FWHMs of the absorption components are determined so as to reproduce all the absorption spectra shown in Fig. 1 . The results for the two samples before heat treatment are shown in Fig. 6 . The absorption bands after heat treatment can also be reproduced by using the same set of absorption bands. The peak positions and the FWHMs of these bands are shown in Table II . Heattreatment-time dependence of the intensities of each component in these samples is shown in Fig. 7 . The intensities of the absorption components in sample I are almost constant, whereas those in sample II change after the heat treatment. 
IV. DISCUSSION
A. Absorption components
The 4.80, 5.02, and 5.41 eV bands are also induced in synthetic fused silicas irradiated with excimer lasers, 13,17 ␥ rays, 15 and x-rays. 14,17 The 4.8 eV band is known to be the oxygen-related band. 7 At least three different origins of this 4.8 eV band have been proposed: peroxy radicals ͓PORs The 5.15 eV band is the B 2 ␤ band. Although various models of this band have been proposed, 7 its origin is controversial. A possible origin of this band is TOCS ͑ϭSi:͒. One of the authors and his colleagues proposed a model wherein the B 2 ␤ band in type-II silica is caused by TOCS coordinated with two HO-Siϵ structures. 11 The origin of the 5.97 eV band could be a kind of EЈ center, because the EЈ center on a silica glass surface has an absorption band at 6.0 eV. 18 Hereafter, we refer to the surface EЈ center as the E S Ј center. It has been reported that the FWHM of the EЈ center is 0.62 eV. 19, 20 However, in some papers, the value of the EЈ center is reported to be 0.8 eV and the absorption spectrum has been reproduced by using this value. 7, 13, 14 We confirmed that the appropriate value of the FWHM is 0.62 eV for E ␥ Ј and E ␤ Ј centers in KrF-and
ArF-excimer-laser-, x-ray-, and ␥-ray-induced absorption spectra in various types of synthetic fused silica. 21 If the 5.97 eV band is caused by the E S Ј center, this defect must exist on the ''grain boundary,'' which is the trace of the interface of the fusion of quartz particles. The EЈ center on the grain boundary could be stable, because the E S Ј centers of silica powders produced by crushing silica glass are stable even at room temperature in atmospheric ambient. Awazu pointed out the possibility that an absorption band at 6.15 eV is induced by ϵSi-Si-Si-Siϵ because normal tetrasilane (n-Si 4 H 10 ) has an absorption band at 6.15 eV. 22 Awazu and Kawazoe 23 also pointed out that an absorption band at 6.7 eV is induced by ϵSi-Si-Siϵ because trisilane (Si 3 H 8 ) has an absorption band at 6.7 eV. 23, 24 As seen in Fig. 7 , the intensity of the 6.8 eV band decreased within the first 2 h of heat treatment. If this 6.8 eV band is caused by a silicon cluster, ϵSi-Si-Siϵ, a possible mechanism is that some of these structures react with interstitial molecules such as O 2 , H 2 , and H 2 O and reduce the intensity of the 6.8 eV band.
The origin of the 7.50 eV band in sample II will be discussed later ͑Sec. IV B 4͒. The 7.6 eV absorption component in sample I might be the tail of the 7.6 eV band caused by ODC͑I͒, because the FWHM, 0.7 eV, is approximately equal to that of ODC͑I͒. 7 This assumption is reasonable because the structure is similar to that of ODC͑II͒ and a synthetic fused silica having ODC͑II͒ always has ODC͑I͒, these defects being in equilibrium with each other. 10, 25 The estimated concentration of ODC͑I͒ is Ϸ2ϫ10 17 cm Ϫ3 , which is about 50 times greater than that of ODC͑II͒. The estimated value of absorption might contain much error, because the absorption peak exists beyond the measurement range.
B. Defects in sample II
We will discuss the defect structures in sample II before discussing those in sample I, because an apparent absorption change is observed after heat treatment. 
B 2 ␤ band
One of the authors and his colleagues proposed a model that describes the B 2 ␤ band in type-II fused quartz; the B 2 ␤ band is ascribed to TOCS ͑ϭSi:͒ coordinated with two ϵSi-OH structures, which can be annealed out as 11 
͑1͒
As shown in Fig. 5 , the decrement of the 5.15 eV band is proportional to the decrement of the amount of ϵSi-OH. If the process denoted by Eq. ͑1͒ is the only annealing process for B 2 ␤ bands and ϵSi-OH, the decrement of TOCS should be one-half the decrement of ϵSi-OH. Based on this assumption, the concentration of TOCS before annealing is estimated to be 2ϫ10 17 cm Ϫ3 . From the change of the peak intensity upon heat treatment of the 5.15 eV band, the absorption cross section of TOCS is estimated to be 1 ϫ10 Ϫ18 cm 2 ͑see Table II͒ . Awazu et al. 26 proposed that a structure similar to that on the left-hand side of Eq. ͑1͒ is formed in GeO 2 -doped silica heat treated with hydrogen, and estimated the absorption cross section of twofold-oxygencoordinated Ge ͓TOCG ͑ϭGe:͔͒ to be 1.5ϫ10
Ϫ18 cm 2 , which is comparable to the present estimated value of TOCS. This may support the validity of the present estimated value because OϭSi: and OϭGe: gases have the same absorption cross section of 5ϫ10 Ϫ18 cm 2 .
23,26
The structure on the left-hand side of Eq. ͑1͒ may be produced during the glass-forming process as 11 
͑2͒
where GB stands for the ''grain boundary'' formed by the fusion of quartz particles on which many strained Si-O-Si bonds exist. H 2 molecules must be introduced from the hydrogen-oxygen flame because stoichiometrically an excess amount of hydrogen has been supplied to the burner.
Do AESi-OH and ÄSi: exist on the grain boundary?
In a previous study, 11 we assumed that structures such as ϵSi-OH and ϭSi: existed only on the grain boundary. We will examine the validity of this assumption. Based on the density of vitreous silica, 2.2 g/cm 3 , the number of Si atoms in a unit volume is estimated to be 2.2ϫ10 22 cm Ϫ3 . Assuming the volume per Si atom to be a u 3 , a u is estimated to be 3.6ϫ10
Ϫ8 cm. Since the number of SiO 4 units on a sphere of diameter d is the surface area divided by a u 2 , the concentration c S of the surface SiO 4 units on a sphere with diameter d is 6/a u 2 dϭ4.7ϫ10 15 cm Ϫ2 /d. If the particle size of the quartz powder of the raw material of fused quartz is taken to be Ϸ0.1 mm, 27 c S is estimated to be 5ϫ10 17 cm Ϫ3 . This value is several percent of the ϵSi-OH concentration of 1.3ϫ10 19 cm Ϫ3 ͑Table I͒. Even if we consider the deviation from the ideal sphere and the particle size distribution, the total amount of ϵSi-OH far exceeds the total number of surface Si atoms. Therefore H 2 O must have been diffused into the inner particles during the melting process. The total Si-H content of 7ϫ10 17 cm Ϫ3 in sample II and the amount of 3ϫ10 17 cm Ϫ3 in the TOCS structure are comparable to the number of surface Si atoms.
4.8, 5.41, and 5.97 eV bands
The 4.8 eV band with FWHM of 1.05 eV should be derived from a NBOHC or interstitial O 3 molecules. 19 Since the O 3 molecules must be created upon irradiation and destroyed upon heat treatment, this band must be derived from a NBOHC for which a possible creation process is
However, oxygen atoms should be unstable during the annealing process, because they must react with each other to form O 2 molecules. If the O 2 molecules produced by this process react with the EЈ center, PORs will be formed. The POR also causes the 4.8 eV band, but its FWHM is 0.8 eV. 7 Another possible model for the origin of NBOHCs is
The H 2 molecules on the right-hand side of Eq. ͑4͒ must diffuse out during heat treatment. Figures 8 and 9 show the result of Gaussian peak decomposition of OH absorption at around 3600 cm Ϫ1 of sample II before heat treatment and the difference spectra of spectra before and after heat treatment, respectively. The absorption components are shown in Table III To understand the origin of the EЈ centers in Eq. ͑4͒, the nature of the 5.41 eV band will be discussed. The 5.41 eV band is ascribed to E ␤ Ј centers which are related to hydrogen. A possible model of the structure of the E ␤ Ј center is ϵSi•ϵSi-H. 19 As shown in ϵSi-H HO-Siϵ → ϵSi-O-SiϵϩH 2 .
͑5͒
By this process, ϵSi• must remain as a different type of EЈ center: the E ␥ Ј center at 5.8 eV and the E S Ј center at 5.97 eV.
As shown in Table II , the 5.8 eV band did not appear. If the E ␤ Ј center changed into the E S Ј center, the number of E S Ј centers should increase. However, the number of E S Ј centers decreased after heat treatment for 2 h. The changes of the E S Ј center after heat treatment for 2 and 24 h have opposite signs, i.e., Ϫ2ϫ10 14 and ϩ1ϫ10 13 cm Ϫ3 , respectively.
Since these values are less than 1% of the total number of E S Ј centers, these variations could be due to numerical error in peak decomposition. Because of such uncertainty, we cannot quantitatively confirm that E ␤ Ј centers changed into E S Ј centers.
Another possible process of the decrement of the E ␤ Ј center is that the E ␤ Ј center changes into a NBOHC by the process of Eq. ͑4͒. In fact, the increment of NBOHCs is almost the same as the decrement of E ␤ Ј centers when the heat treatment time is 24 h. At the heat treatment time of 2 h, however, the increment of the 4.8 eV band is one order less than that at 24 h. This suggests that the process of Eq. ͑4͒ requires a long time. The H 2 O molecules must diffuse into the glass network and the probability of the EЈ center encountering the H 2 O molecules must be low. Since the change of the 5.97 eV band is small, most H 2 O molecules can react with E ␤ Ј centers. A probable process of the decrement of the 5.41 eV band and the increment of the 4.8 eV band is
In this process, a strained Si-O-Si bond will act as a H 2 O molecule trap. Therefore the reaction of Eq. ͑4͒ will proceed with E ␤ Ј centers.
7.50 eV absorption band
The peak position of the 7.5 eV band is near the 7.6 eV band ascribed to ODC͑I͒ and POR. 22 Although ODC͑I͒ is stable after annealing in atmospheric ambient, the intensity of the 7.50 eV band decreased after heat treatment. Therefore the 7.50 eV band is not derived from ODC͑I͒. The other possibility is the POR, which has a peak at 7.6 eV with FWHM of 0.5 eV and the absorption cross section of 1.3 ϫ10 Ϫ16 cm Ϫ3 . 22 Under this assumption, the decrement of POR upon heat treatment is estimated to be 6ϫ10 15 cm Ϫ3 . PORs also show an absorption band at 4.8 eV with FWHM of 0.8 eV.
7 If the 7.5 eV band is caused by PORs, the 4.8 eV band with FWHM of 0.8 eV should be decreased by about 0.03 cm Ϫ1 . However, this was not observed ͑Table II͒. Therefore the band must be derived from another origin.
As shown in Fig. 5 , the decrement of the 7.50 eV band intensity is proportional to the decrement of the OH content. Thus OH or an OH-related structure can be a candidate origin of this absorption. However, OH absorption appeared as the tail of an absorption band in the range of 7.4 -8 eV, as shown in Fig. 10 , which was obtained from the difference spectra between silica glasses with different OH content. This result is consistent with the data in the literature. 29 Therefore, the 7.5 eV band is not directly derived from the difference spectra of OH absorption.
Another possibility is that the 7.50 eV band is an absorption band of OH modified by a hydrogen bond. However, the effect of the hydrogen bond on VUV absorption is opposite; the hydrogen bond with OH shifts the absorption edge to higher energy. 30, 31 As shown in Fig. 5 the decrement of the 7.5 eV band intensity is also proportional to the decrements of the 5.15 and 5.41 eV bands. Therefore, the 7.50 eV band could be related to the latter bands. At the present stage, we cannot specify the origin of the 7.5 eV band.
C. Defect structures in sample I
Origin of B 2 ␤ band in sample I
In a previous paper, 11 we proposed a model of type-I silica in which the main constituent of the B 2 band is the B 2 ␣ band ascribed to ODC͑II͒, which is produced from the strained Si-O-Si bond by
͑8͒
In the present study, however, sample I has a rather strong B 2 ␤ band in addition to the B 2 ␣ band. We will discuss the origin of the absorption band. We assume that the B 2 ␤ band is caused by TOCS, as in the case of sample II. In asobtained sample I, both ϵSi-OH and TOCS contents are 2 ϫ10 17 cm Ϫ3 . If these ϵSi-OH structures form the structure on the left-hand side of Eq. ͑1͒, the intensity of the 5.15 eV band is halved after heat treatment. However, almost no change of the intensity of this band was observed. Therefore, only a few ϵSi-OH structures contribute to the twoϵSi-OH-coordinated TOCS. A possible creation mechanism of the TOCS in sample I is
͑9͒
We consider that the process must proceed to the third structure, because the second structure causes an absorption band at 4.8 eV with FWHM of 1.05 eV, which did not appear in sample I ͑see Table II͒ . Oxygen atoms form oxygen molecules by reacting with each other. Oxygen molecules have an absorption in the VUV region known as the SchumannRunge band, i.e., absorption begins at Ϸ7 eV and increases with increasing photon energy. 32 However, this band cannot be observed directly because it is buried in the strong absorption at տ7 eV.
In a previous study, 11 we assumed that the B 2 band in type-I silica is the B 2 ␣ band on the basis of the peak position and FWHM. The B 2 band in type-I silica was different from that in the present case. Although VUV absorption spectra were not observed in that study, absorption at 6.2 eV of type-I silica (2.5 cm Ϫ1 ) was one order stronger than that of type-II silica (0.24 cm Ϫ1 ). 33 In the present samples, on the other hand, the absorptions at 6.2 eV are the same, 1.66 cm Ϫ1 . The difference between the previous and present studies could be due to the difference in the quartz powder and the production conditions. The quartz powder used in the present sample was separated from pegmatite by flotation, while the previous one was made from rock crystal. Another difference could be due to the difference in the atmosphere during the melting process: H 2 ambient for the present sample and vacuum for the previous sample.
In the previous article, 11 we proposed a mechanism of the fusion of defect-free particles as
͑10͒
in which the ϵSi-O-Siϵ bonds on the grain boundary are strained, and they might be a precursor of ODC͑II͒ in the process of Eq. ͑8͒.
Another creation mechanism for ODC͑II͒ can be considered. The surface of the silica particle should have terminal structures such as ϵSi-OH and ϵSi-H, and dangling bonds such as ϵSi• and ϵSi-O•. If ϵSi-OH and ϵSi-H react with each other, the following reaction will proceed during the fusion process:
As shown in Table I , H 2 molecules are not observed. This is because they had been removed during heating after glass formation. The surface dangling bonds might also react with each other as
The processes of Eqs. ͑8͒, ͑13͒, and ͑14͒ may result in ODC͑II͒. These processes could be dependent on the melting conditions and the surface structure of the raw material. The process of Eq. ͑2͒ could also be considered for sample I. If ϭSi: is produced by this process, this structure must be annealed out by the process of Eq. ͑1͒. The decrement of 2ϫ10 15 cm Ϫ3 in TOCS upon heat treatment is about 1% of the total TOCS, 2ϫ10 17 cm Ϫ3 , and the decrement of ϵSi-OH is 2ϫ10 17 cm Ϫ3 , which is two orders greater than the decrement of TOCS. Therefore, about 1% of TOCS and ϵSi-OH might contribute the two-(ϵSi-OH)-coordinated TOCS in the right-hand side of Eq. ͑2͒.
Difference spectrum before and after heat treatment
To study the effect of heat treatment more clearly, the difference spectra of sample I before and after heat treatment for 24 h were analyzed ͑Fig. 11͒. The spectra can be reproduced by eight Gaussian absorption bands, in which some of the absorption bands were different from those used for sample II. They are indicated in Table II . An absorption component with a peak at 4.67 eV and FWHM of 0.8 eV was induced, which can be ascribed to PORs. 7 A probable creation mechanism of POR is
For this process to proceed, O 2 molecules must exist in the glass. The O 2 molecules may be formed by the reaction with each other of the oxygen atoms produced by the reaction of Eq. ͑9͒. Another possibility is that the O 2 is produced by H 2 O molecules bound to ϵSi-OH by hydrogen bonds as
͑17͒
This process has been proposed to explain the effect of heat treatment on ArF-excimer-laser-induced absorption in synthetic fused silica. 34 In fact, H 2 O molecules and hydrogenbonded ϵSi-OH decreased after heat treatment, as seen in Fig. 9 . The components at 3220 and 2820 cm Ϫ1 suggest the decrement of H 2 O molecules, and the decrement of the 3551 cm Ϫ1 band suggests the decrement of hydrogenbonded ϵSi-OH. However, the total decrement of the number of EЈ centers, the sum of E ␤ Ј and E ␥ Ј , Ϸ1 ϫ10 14 cm Ϫ3 , is one order smaller than the increment of the amount of POR, 1ϫ10 15 cm Ϫ3 ͑see Table II͒ . This suggests that only 1% of POR is produced by the process of Eq. ͑16͒.
Most PORs must be produced by other mechanisms. The amount of ODC͑II͒ increased after heat treatment ͑see Table  II͒ . This suggests the possibility that ODC͑II͒ is produced from TOCS by, for example,
͑18͒
Another possible mechanism for the creation of ODC͑II͒ during heat treatment is the breakage of strained Si-O-Si bonds on the grain boundary according to the process of Eq. ͑8͒. When O 2 molecules are made to react with ODC͑II͒, PORs could be formed via
This process can explain the fact that the decrement of EЈ centers is less than the increment of PORs, if this process proceeds together with the process of Eq. ͑16͒. Another process for the creation of PORs can also be considered. The EЈ center is created from ODC͑II͒ as
where ϵSi ϩ indicates a planar three-oxygen-coordinated structure. Similar to this process, PORs could be produced by
During heat treatment, Eqs. ͑16͒, ͑18͒, ͑19͒, and ͑21͒ could all proceed.
5.41 eV band
We will discuss the characteristics of the 5.41 eV band based on the model in which the origin of the 5.41 eV band is the ϵSi•ϵSi-H structure. Before heat treatment, both samples have ͑1-2)ϫ10
15 cm Ϫ3 of E ␤ Ј centers remain after heat treatment, the same order of ϵSi-H that constructs the E ␤ Ј center must remain, which is less than the detection limit of Ϸ5ϫ10 16 cm Ϫ3 . Therefore, the existence of the E ␤ Ј center does not contradict the fact that the ϵSi-H concentration became less than the detection limit after heat treatment. As seen in Fig. 9 , the intensity of the 3426 cm Ϫ1 band decreased after heat treatment. This indicates that sample I also contains H 2 O molecules the number of which is decreased after heat treatment. The decrement of this component is about one-half that in sample II, as shown in Table  III . In sample II, NBOHCs may be induced by the reaction between H 2 O and E ␤ Ј centers through the processes of Eqs.
͑6͒ and ͑7͒. However, sample I has no absorption band at 4.80 eV with FWHM of 1.05 eV. As pointed out in Sec. IV B 3, the creation of NBOHCs takes a long time. Therefore the other processes that decrease the number of H 2 O molecules could proceed. The H 2 O molecules could also react with the strained Si-O-Si bond to form a pair of ϵSi-OH. 
V. SUMMARY AND CONCLUSION
The effects of heat treatment on the defects in fused quartz produced by electric fusion ͑sample I͒ and flame fusion ͑sample II͒ have been studied. Both samples had absorption peaks at 5.2 eV before heat treatment. Analysis of these bands by photoluminescence and Gaussian peak decomposition of the absorption spectra showed that the main constituent of this absorption is the B 2 ␤ band. Upon annealing sample II at 1423 K, the absorption components at Ϸ5.2 and 7.5 eV decreased. In sample I, on the other hand, almost no change of the absorption spectra was observed. The origins of these differences were discussed based on our previously proposed model in which we assumed the origin of the B 2 ␤ band to be twofold-oxygen-coordinated silicon ͑ϭSi:͒. In sample II, TOCS is coordinated by two ϵSi-OH structures, while no such coordinated ϵSi-OH structures exist in sample I. The difference with respect to these structures may be the origin of the difference in the annealing properties. The origins of other defects were also discussed.
Regarding the 5.41 eV band, we discussed the annealing mechanism whereby this band is ascribed to the ϵSi• ϵSi-H structure. In sample II, a 4.8 eV band with FWHM of 1.05 eV was induced by heat treatment. We proposed a model in which this band is formed by the reaction between E ␤ Ј centers and H 2 O. In sample I, on the other hand, a 5.02 eV band ascribed to ODC͑II͒ and a 4.7 eV band ascribed to POR were induced by heat treatment. We proposed a model in which the POR is produced by the reaction of O 2 molecules with EЈ centers or ODC͑II͒. Although the nature of the 4.8, 5.02, and 5.41 eV bands could be consistently explained, the nature of the absorption bands in the VUV region has not been clarified. Further studies are required to clarify the nature of those absorption bands.
